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In a previous study, we observed that hepatitis C virus (HCV) core protein specifically inhibits translation initiated by an HCV internal
ribosome entry site (IRES). To investigate the mechanism by which down-regulation of HCV translation occurs, a series of mutations were
introduced into the IRES element, as well as the core protein, and their effect on IRES activity examined in this study. We found that expression of
the core protein inhibits HCV translation possibly by binding to a stem-loop IIId domain, particularly a GGG triplet within the hairpin loop
structure of the domain, within the IRES. Basic-residue clusters located at the N-terminus of the core protein have an inhibitory effect on HCV
translation, and at least one of three known clusters is required for inhibition. We propose a model in which competitive binding of the core protein
for the IRES and 40S ribosomal subunit regulates HCV translation.
D 2005 Elsevier Inc. All rights reserved.Keywords: Hepatitis C virus; Internal ribosome entry site; Translation; Core proteinIntroduction
Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
(Alter and Seeff, 2000; Pawlotsky, 2004). HCV contains
approximately 9.6 kb of positive-strand RNA with one open
reading frame encoding a precursor polyprotein, which is
proteolytically cleaved to produce the mature structural and
non-structural proteins of HCV (Choo et al., 1991; Grakoui et
al., 1993; Hijikata et al., 1991; Takamizawa et al., 1991).
Although HCV exhibits considerable genetic diversity, the 5V
untranslated region (5VUTR) of the viral genome is relatively
well conserved among all genotypes.0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.10.013
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(T. Suzuki).HCV translation is initiated by a cap-independent mecha-
nism involving an internal ribosome entry site (IRES),
comprising nearly the entire 5VUTR of the genome. There is
evidence to suggest that the first 12 to 30 nucleotides (nt) of the
coding sequence are also important for IRES activity (Hellen
and Pestova, 1999; Lu and Wimmer, 1996; Reynolds et al.,
1995). The proposed secondary structure of the HCV 5VUTR,
thought to contain four major domains (I to IV) (Fig. 1), may
be conserved among HCV and related flaviviruses and
pestiviruses (Brown et al., 1992; Honda et al., 1999a, 1999b;
Zhao and Wimmer, 2001).
Recruitment of the 43S ribosomal complex, containing a
small 40S ribosomal subunit, eukaryotic initiation factor (eIF)
3, and a tRNA–eIF2–GTP ternary complex, to mRNA
molecules is critical for initiation of eukaryotic protein
synthesis. The 40S subunit and eIF3 can bind independently
to the HCV IRES (Buratti et al., 1998; Hellen and Pestova,
1999; Kieft et al., 2001; Sizova et al., 1998). However, it
appears that interaction between IRES RNA and the 40S6) 434 – 445
www.e
Fig. 1. Predicted secondary structure of the HCV 5VUTR (Honda et al., 1999a, 1999b). The stem-loop I, nt 23–41, and stem-loop IIId domains are highlighted. The
initiator AUG codon is shown in the sequence of loop IV. Small numerals indicate the nucleotide positions from the 5Vend.
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complex since HCV IRES RNA demonstrates similar affinity
for the 40S subunit and the 40S–eIF complex (Kieft et al.,
2001). Other cellular factors such as La autoantigen (Ali et al.,
2000; Ali and Siddiqui, 1997; Isoyama et al., 1999),
heterogeneous ribonucleoprotein L (Hahm et al., 1998), poly-
C binding protein (Fukushi et al., 2001; Spangberg and
Schwartz, 1999), and pyrimidine tract-binding protein (Ali
and Siddiqui, 1995; Anwar et al., 2000) also bind to the IRES
element and modulate translation.
HCV core protein, which is located at the N-terminus of the
viral polyprotein, is a putative nucleocapsid protein given thebasic nature of its amino acid (aa) residues and the organization
of the HCV genome. HCV core protein can form multimeric
complexes, as well as heterodimer complexes with envelope
E1 protein (Lo et al., 1996). Physical interaction between the
core protein and viral genomic RNA is thought to occur during
nucleocapsid formation. The results of several Northwestern
analyses suggest that the core protein binds to the 5VUTR of the
HCV genome, regardless of the specific RNA sequences
involved (Santolini et al., 1994; Hwang et al., 1995; Fan et
al., 1999). We previously used both in vivo and in vitro
systems to demonstrate that the core protein preferentially
binds to positive-stranded viral RNA containing the 5VUTR and
Fig. 2. Effect of the core protein-coding sequence on the translation initiated by
HCV IRES. HepG2 cells transfected with pCAGC191 (lane 1), pCAGFS (lane
2), or pCAGGS (lane 3) were cotransfected with reporter RNAs of HCVLuc
and the capped RLuc. The activities of both FL (A) and RL (B) were measured
by a luminometer. The activities of both FL and RL were determined in at leas
three independent experiments, each of which conduced with triplicate samples
(C) Western blot analysis of the core protein expressed in the infected cells.
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1999). In addition, the core protein has a high affinity for the
stem-loop IIId domain of the 5VUTR (Fig. 1) and for (G)-rich
nucleotides (Tanaka et al., 2000).
In addition, evidence regarding the importance of the
interaction between HCV core protein and HCV RNA in
regulating viral translation is accumulating. We previously
reported that expression of the core protein down-regulates
HCV translation through interaction(s) involving 5V regions of
the viral genome (Shimoike et al., 1999). Although some
evidence suggesting inhibition of HCV translation through
RNA–RNA interactions, rather than core–RNA interactions,
exists (Wang et al., 2000; Kim et al., 2003), several studies
indicate that the core protein modulates HCV translation.
Specifically, regions of the core protein corresponding to aa
34–44 (Zhang et al., 2002) or aa 1–20 (Li et al., 2003) are
important for inhibition of HCV translation. The core protein
may down- or up-regulate HCV IRES activity in a dose-
dependent manner (Boni et al., 2005).
The aim of the present study was (1) to clarify the nature of
interaction between the HCV core protein and the viral IRES
element and (2) to gain insight into the relationship between
core protein-mediated inhibition of translation and core–IRES
interactions using a combination of techniques, including an in
vivo reporter assay and in vitro surface plasmon resonance
(SPR) analysis.
Results
Effect of the core protein-coding sequence on HCV
IRES-initiated translation
Since there is conflicting data regarding the effect of the
core protein or the core protein sequence on HCV IRES-
directed translation (Shimoike et al., 1999; Zhang et al., 2002;
Li et al., 2003; Boni et al., 2005), we sought to determine
whether the RNA sequence of the core-coding region inhibits
HCV IRES activity in the present experiment. A single
substitution replacing A with U at nt 357 was introduced to
produce a stop codon near the 5V end of the region encoding
the core protein, as previously described (Wang et al., 2000).
This mutant, known as pCAGFS, produces core protein RNA
with a single substitution, resulting in a core peptide, five
residues in length, encoded by the N-terminal. Western blot
analysis was then used to confirm that the core protein is not
expressed by HepG2 cells following transfection with
pCAGFS (Fig. 2C). RNA molecules transcribed in vitro from
two reporter plasmids, HCVLuc and RLuc, expressing firefly
luciferase (FL) controlled by the IRES of HCV genotype 1b
and Renilla luciferase (RL) controlled by a cap-dependent
mechanism, respectively, were cotransfected into cells after 48
h of transfection with pCAGFS39 or core-expressing
pCAGC191 (Suzuki et al., 2001). Cell lysate samples were
prepared 6 h post-reporter transfection and assayed for
expression of both luciferases. As shown in Fig. 2A, the
translational activity of HCV IRES was reduced in cells
expressing the core protein, but not in cells transfected witht
.pCAGFS, indicating that the HCV core protein, but not the
core-coding sequence, inhibits HCV IRES-directed transla-
tion. Transfection with neither core-expressing or non-
expressing constructs modulated cap-dependent translation
(Fig. 2B).
Effect of partial deletion of the HCV 5VUTR on inhibition of
viral IRES-mediated translation by the core protein
In previous studies, we demonstrated that purified HCV
core protein binds most efficiently and stably to the stem-loop
IIId domain of the 5VUTR of HCV RNA followed by the
stem-loop I domain and the region encoding nt 23–41 (Fig.
1; Tanaka et al., 2000). In addition, we revealed that the core
protein expressed in HepG2 cells inhibits the IRES-dependent
translation of HCV (Shimoike et al., 1999). It can be
hypothesized that binding of the core protein to one or more
regions of the 5VUTR might inhibit translation. To address
this issue, we constructed three reporter plasmids: DILuc,
D23–41Luc, and DIIIdLuc, with deletions of domain I (D1–
22), nt 23–41, and domain IIId (D254–278) of the HCV
5VUTR, respectively, also containing the FL gene (Fig. 3A).
RNA molecules transcribed from these reporter plasmids in
vitro were transfected into HepG2 cells, after which luciferase
activity within the cell lysate samples was analyzed.
Consistent with previous reports, deletions of domain I
(DIluc) (Luo et al., 2003; Friebe et al., 2001) or IIId
(DIIIdLuc) (Jubin et al., 2000) profoundly impaired IRES
activity, with a >95% reduction in activity (data not shown),
thus demonstrating the importance of these loop structures for
HCV translation. Therefore, in the following experiment, we
adjusted the dose of each reporter transcript to ensure a
consistent level of FL expression.
To investigate the effect of the core protein on translation
mediated by wild-type or mutated HCV 5VUTR as described
above, cells infected with a recombinant baculovirus carrying
Fig. 3. Effect of deletion mutations in HCV 5VUTR on inhibition of the viral IRES-mediated translation by the core protein. HepG2 cells infected with AcCA39 or
AcCAG at a multiplicity of infection of 20 were transfected with monocistronic wild-type (HCVLuc) or deletion mutants (DILuc, D23–41Luc, DIIIdLuc) of reporter
RNAs together with the capped RLuc RNA or transfected with bicistronic wild-type (RLucHCVLuc) or deletion mutants (RLucDILuc, RLucD23–41Luc,
RLucDIIIdLuc) of reporter RNAs. The activities of both FL and RL were determined in at least three independent experiments, each of which conduced with
triplicate samples. Schematic representation of the monocistronic and bicistronic deletion mutants used in this study is shown in panels A and E, respectively. (B)
Western blot analysis of the core protein in each cell lysate in which the luciferase activities were measured. (C) Relative luciferase activities were normalized with
those of RLuc. (D) The activities of RLuc in cells cotransfected with RLuc and HCVLuc or deletion mutants are shown. (F) HCV IRES activity was determined by
calculating the abundance of Fluc relative to RLuc, with that of each reporter in the absence of the core protein normalized to 100%. Mean values with standard
deviations were indicated.
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an empty vector (AcCAG) were cultured for 2 days, followed
by transfection with reporter transcripts, either wild-type
HCVLuc (0.1 Ag/well), DILuc (6 Ag/well), D23–41Luc
(0.2 Ag/well), or DIIIdLuc (6 Ag/well), together with capped
RLuc RNA (0.08 Ag/well). As indicated in Fig. 3C, expression
of the core protein inhibited HCV IRES-mediated translation
from DILuc and D23–41Luc, as well as from HCVLuc, by
more than 50%. In contrast, inhibition of translation by the core
protein was not observed in cells transfected with DIIIdLuc. As
shown in Fig. 3D, the expression of neither the core protein nor
any of the IRES-directed reporters influenced cap-directed
translation. Thus, as previously demonstrated (Shimoike et al.,
1999), RL activity was used as an internal control to normalize
the efficiency of transfection in the following experiments
(Figs. 4 and 6). Western blotting was used to confirm that core
protein concentrations within the cell lysate of cells infected
with AcCA39 were comparable in the presence of each of the
reporter RNA molecules (Fig. 3B). We observed a similareffect of the core protein on HCV IRES activity when equal
amounts (6 Ag/well) of each HCVLuc, DILuc, D23–41Luc, or
DIIIdLuc transcript were transfected (data not shown). These
results eliminate the possibility that there is no translational
inhibition because the core protein is destabilized in cells
transfected with DIIIdLuc RNA. We also determined the effect
of the core protein on HCV translation initiated from
bicistronic reporters: RLucHCVLuc (wild-type), RLucDILuc
(deletion of domain I), RLucD23–41Luc (deletion of nt 23–
41), and RLucDIIIdLuc (deletion of domain IIId) (Fig. 3E).
Consistent with results obtained from the monocistronic
constructs, expression of the core protein showed an inhibitory
effect on HCV translation mediated by RLucHCVLuc,
RLucDIluc, or RLucD23–41Luc, but not by RLucDIIIdLuc
(Fig. 3F). The capped RL activity from each reporter was
similar and was not influenced by expression of the core
protein (data not shown). These results suggest that the stem-
loop IIId domain of the 5VUTR is important for inhibition of
HCV translation by the core protein.
Fig. 4. Mutational analysis of the stem-loop IIId domain. (A) Schematic representation of the predicted secondary structures of the IIId domain of mutated reporters
used in this study. (B) The core protein and luciferase reporters are expressed as described in the legend to Fig. 3, except reporters indicated. HCV IRES activity was
determined and presented as described in the legend to Fig. 3C.
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To further investigate the functional role of the stem-loop
IIId domain (nt 253–279) in core protein-mediated inhibition
of HCV translation, we engineered stem-loop IIId domains
with the following four mutations (Fig. 4A): (1) IIId-1Luc, in
which the A at nt 275 was changed to UC, thus forming a
double-stranded structure instead of a bulge loop in the IIId, (2)
IIId-2Luc, in which the GGG triplet (nt 266–268) was changed
to a CCC triplet within the loop of stem-loop IIId, (3) 2a2bLuc,
in which the U at nt 262 and the C at nt 270 were changed to C
and U, respectively, thus changing the genotype to 2a/2b, and
(4) BVDVLuc, in which the stem-loop IIId (nt 254–274)
sequence was changed to that of bovine viral diarrhea virus
(BVDV)-1. Cells that did or did not express the core protein
were transfected with each of the above described reporter
RNA transcripts, after which luciferase activity was measured.
As shown in Fig. 4B, IIId-2Luc, containing a mutation of the
GGG triplet of the apical loop, demonstrated no inhibition of
HCV IRES-mediated translation by the core protein, whereas
IIId-1Luc, containing a mutation within the bulge loop
structure, showed only a marginally reduced inhibitory effect
of the core protein. We previously demonstrated that HCV core
protein binds most efficiently to (1) the stem-loop IIId domain,
compared to other structural domains of the 5VUTR, and to (2)
G octamer (G8), as opposed to A8, C8, and U8, using a
quantitative SPR method (Tanaka et al., 2000). Thus, the
results obtained here suggest that the apical loop is a critical
recognition site for translational inhibition by the core protein.
It is likely that the inhibitory activity of the core protein on
HCV IRES-mediated translation is related to its efficiency of
RNA binding.
We also observed the core protein to exert an inhibitory
effect on translation directed by either 2a2bLuc or BVDVLuc,similar to that observed with wild-type HCVLuc, involving a
5VUTR sequence of genotype 1. Since the IIId domain
sequence of HCVLuc is conserved among genotypes 1, 3,
4, and 5 and since that of 2a2bLuc is shared with genotype 6,
it appears that inhibition of HCV translation by the core
protein is independent of the viral genotype and occurs in
most HCV isolates. Sequence alignment of HCV and various
pestiviruses showed that, although the primary nucleotide
sequence of the IIId domain exhibits considerable variability,
the predicted secondary structure of the domain is highly
conserved among these viruses as reviewed previously
(Rijnbrand and Lemon, 1999). Furthermore, the GGG triplet
followed by U at the apical loop and one bulge loop in the
domain are well conserved among HCV and pestiviruses.
These suggest that the nucleotide sequence of the apical loop,
particularly the GGG triplet, is more important than the stem-
structure sequence of the IIId domain for core protein-
mediated translational inhibition.
Relationship between translational inhibition and ability of the
core protein to bind to the IIId domain within the 5VUTR
To investigate the relationship between inhibition of HCV
translation by the core protein and ability of the core protein to
bind to IIId RNA, we prepared two biotinylated oligo RNA
molecules, IIId-1 and IIId-2 (nt 251–282), containing identical
mutations in the bulge and apical loops of their IIId domains as
the mutated reporters IIId-1Luc and IIId-2Luc, respectively
(Fig. 4A). These mutant or wild-type oligo RNA (IIId-wt)
molecules were then coupled to streptavidin-coated sensor
chips and allowed to bind to purified recombinant core protein.
The results of subsequent SPR analysis using a BIAcore
biosensor are shown in Fig. 5. The core protein was observed
to bind to IIId-1 RNA as efficiently as to IIId-wt RNA,
Fig. 5. Binding of the core protein to oligo RNAs corresponding to the mutated
IIId domains. The real time binding between the core protein and wild-type
(IIId wt) or mutants (IIId-1 and IIId-2) of the stem-loop IIId was examined.
Biotinylated oligonucleotides were immobilized of the streptavidin pre-coated
sensor chips followed by being exposed to 40 Al of the solution containing the
core protein (4 Ag/ml) with a flow rate of 8 Al/min. The sample flow was
stopped, and the buffer washout began at 300 s. The amounts of immobilized
synthetic oligonucleotides, IIId-wt, IIId-1, and IIId-2 were 211.0, 206.9, and
212.4 resonance units, respectively.
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structure have little or no effect on binding of the core protein.
In contrast, a marked reduction in binding affinity of the core
protein for mutant IIId-2 RNA was observed. As a negative
control, we found that the core protein does not bind to oligo
RNA corresponding to IIIe or IIIf domain (data not shown;
Tanaka et al., 2000). It is likely that the apical loop sequence
and/or the GGG triplet are important for RNA binding of the
core protein, which is consistent with prior observations
suggesting that the core protein binds to G-stretch sequence(s)
with high affinity.Fig. 6. A role of basic-residue clusters within the core protein in inhibition of the
substituted in three basic aa clusters. Lysine or arginine residues substituted with
transfection with either wild-type (191) or mutated (191m1–m7) core-expressing c
RLuc RNAs. Relative luciferase activities (RLU) were determined as described in M
and mutant core proteins expressed in HepG2 cells are shown by Western blottingCombined with the data shown in Fig. 4B, the inhibitory
effect of the core protein on HCV IRES activity correlates well
with its ability to bind to wild-type and mutated IIId RNA. In
light of the observation that the IIId domain is important for
IRES activity and from suggestion that the domain IIId
interacts with 40S (Otto et al., 2002; Jubin et al., 2000;
Lukavsky et al., 2000; Spahn et al., 2001), the HCV core
protein may inhibit viral IRES-dependent translation by
preventing required interactions between RNA molecules and
the 40S by binding to the IRES sequence including the apical
loop of the IIId domain.
Role of basic-residue clusters within the core protein in
inhibition of HCV translation
The amino-terminal portion of the core protein is able to
bind to viral nucleic acids (Santolini et al., 1994). This region
contains three clusters of arginine- and lysine-rich sequences
(aa 5–13, 38–43, and 58–71). To investigate the role of these
basic-residue clusters in inhibition of HCV translation by the
core protein, we constructed a series of core mutants, in which
lysine and arginine residues within one or more of the basic-
residue clusters of the core protein were substituted with
alanine residues, as depicted in Fig. 6A. Two days after
transfection with either wild-type (pCAGC191) or core mutant
(pCAGC191m1–m7) constructs, the cells were cotransfected
with HCVLuc and capped-RLuc RNA. As indicated in Fig.
6B, core mutants containing alanine substitutions within one
or two clusters (C191m1, m2, m3, m4, m5, and m6) retained
the ability to inhibit HCV IRES-mediated translation, similar
to the wild-type core protein. However, a core mutant with
alanine substitutions involving all three clusters, C191m7,
demonstrated little to no inhibition of translation. Expression
of the core protein in each transfectant was determined by
Western blotting (Fig. 6C), and none of the mutants influenced
cap-dependent translation (data not shown). These resultsHCV translation. (A) Schematic representation of the mutated core proteins
alanine in the clusters are shown with outlined letters. (B) Two days after the
onstructs, HepG2 cells were further cotransfected with HCVLuc and capped-
aterials and methods and the legend to Fig. 3. (C) The amounts of the wild-type
.
T. Shimoike et al. / Virology 345 (2006) 434–445440suggest that all three basic-residue clusters of the core protein
can mediate inhibition of HCV translation and that at least one
cluster is required for inhibition.
Discussion
In this study, we investigated the mechanism by which the
core protein modulates HCV IRES activity using an in vivo
reporter assay and SPR technology. We demonstrated the
importance of a stem-loop IIId domain, spanning nt 253–279,
in core protein-mediated inhibition of HCV IRES-mediated
translation. In a previous study, we demonstrated preferential
binding of the core protein to domain IIId of the 5VUTR
followed by domain I and a region spanning nt 23–41 (Fig. 1),
upon examining 10 oligonucleotides corresponding to various
structured domains of the viral 5VUTR (Tanaka et al., 2000).
The core protein did not have an inhibitory effect on translation
directed by mutated IRES lacking the IIId domain. However,
translation initiated by IRES mutants with deletions of domain
I or nt 23–41 was significantly inhibited by the core protein to
a similar extent as wild-type IRES-mediated translation (Fig.
3B). Further mutational analysis was then used to determine
whether specific IIId nucleotide sequences were important for
inhibition of translation by the core protein. We determined that
the GGG triplet (nt 266–268) within the IIId apical loop was
most critical for core protein-mediated inhibition (Fig. 4B).
Combined with the results of SPR analysis (Fig. 5), the data
presented here suggest that inhibition of HCV IRES-directed
translation by the core protein depends on the binding
efficiency of the core protein for the viral IRES element.
Domain III, which is composed of six distinct regions
containing stem-loop structures, forms the core of the HCV
IRES and is essential for viral translation. Previous studies
suggest that domain III plays a role in recruiting the 40S
ribosomal subunit and eIF3 by direct interaction with stem-
loops IIId/e/f and IIIb, respectively, even though the 40S
subunit makes multiple interactions with the IRES and also
binds to stem-loop II and the pseudoknot domain of the IRES
element (Kieft et al., 2001; Kolupaeva et al., 2000; Sizova et
al., 1998). Stem-loop IIId is a highly conserved region within
domain III in most HCV isolates, consisting of two double-
stranded helical elements separated by a 3-nt internal asym-
metric loop with a 6-nt hairpin loop at the distal end of each
helical region. IRES sequence deletions, including deletion of
stem-loop IIId, as well as point mutations, inhibit binding of
the 40S subunit and IRES function (Rijnbrand et al., 1995;
Honda et al., 1996; Kieft et al., 1999). Specifically, substitution
mutations of the GGG triplet within the IIId apical loop region
produce significant loss of IRES activity, as well as alterations
in RNA folding, indicating that the GGG triplet is a critical
region for HCV translation (Kieft et al., 1999; Jubin et al.,
2000). In addition, antisense 2V-O-methyloligonucleotides
targeted to the IIId domain are known to compete with the
40S subunit for binding and to inhibit viral translation (Tallet-
Lopez et al., 2003). Moreover, the secondary structure of the
IIId domain is important for binding of the S9 ribosomal
protein (Odreman-Macchioli et al., 2000). Consistent withthese observations, we also observed that deletion of the IIId
domain (DIIIdLuc), or a G-to-C substitution within the GGG
triplet (IIId-2Luc), significantly reduced IRES activity.
Although the sequence of the IIId domain is highly
conserved, sequence polymorphism of the helical region exists
among the six major genotypes. With regard to nt 262 and nt
270 of the IIId domain, genotypes 1, 3, 4, and 5 of HCVencode
U (nt 262) and C (nt 270), respectively. On the other hand,
genotypes 2 and 6 encode C (nt 262) and U (nt 270),
respectively. We observed that translation directed by the IRES
sequence of genotypes 2 and 6 (2a2bLuc) was more efficient
than that directed by the IRES sequence of genotypes 1, 3, 4,
and 5 (HCVLuc) (Fig. 4B). Previous studies also demonstrated
differences in the efficiency of IRES activity among different
HCV genotypes and suggest that the 5VUTR of genotype 2(b)
has the most marked IRES activity (Tsukiyama-Kohara et al.,
1992; Kamoshita et al., 1997; Collier et al., 1998). Thus,
sequence polymorphism involving the helical region of IIId
might explain the observed variability in IRES activity when
comparing the 5VUTR sequences of different HCV genotypes.
Expression of the core protein inhibits HCV translation
directed by 2a2bLuc to a similar or same extent as that
directed by HCVLuc. This finding suggests that inhibition of
viral translation by the core protein commonly occurs during
the HCV life cycle and is not limited to certain genotypes. The
deletion of the 5V-proximal stem-loop domain I (DILuc)
significantly reduced IRES activity (data not shown), although
the ability of the core protein to inhibit translation was retained
(Fig. 3B). Published data regarding the role of domain I in
inhibition of HCV translation are not consistent. Some
researchers suggest that the 5V-proximal region containing
domain I is not essential for HCV IRES activity (Honda et al.,
1996; Kamoshita et al., 1997). However, other researchers
suggest that this stem-loop element is required for optimal
IRES-mediated HCV translation (Friebe et al., 2001; Fukushi
et al., 1994; Luo et al., 2003). We compared HCV IRES
activity mediated by monocistronic and bicistronic reporters
with deletion of domain I and found that an inhibitory effect of
the domain I deletion observed from the bicistronic reporter
was less evident than that from the monocistronic one: the
reduction in IRES activity caused by the deletion was 95% and
40% for the monocistronic and bicistronic constructs, respec-
tively. Although similar trends were observed in the previous
studies using cultured cells (Friebe et al., 2001; Luo et al.,
2003; Kamoshita et al., 1997), in vitro transcription/translation
studies demonstrated that the translational efficiency of the
reporters deleted with domain I is higher than that of the wild-
type (Honda et al., 1996; Kamoshita et al., 1997). It may be
likely that differences in (1) gene constructs such as mono-
cistronic and bicistronic reporters and (2) host cell conditions
influence such inconsistent observations.
HCV core protein is highly basic, especially its N-terminal
half, and it is thought to encapsulate the viral genome within a
viral nucleocapsid. The RNA-binding domain of the core
protein has been mapped to 75 aa residues within the N-
terminal, in which three clusters of highly arginine/lysine-rich
sequences are well conserved among HCV isolates (Santolini et
T. Shimoike et al. / Virology 345 (2006) 434–445 441al., 1994). We previously observed preferential binding
between the core protein and positive-stranded HCV RNA
spanning the 5VUTR and part of the structural-protein coding
region (nt 1–2327) (Shimoike et al., 1999). In this study, we
demonstrated the importance of three basic aa residue clusters
within the N-terminal region of the HCV core protein for its
inhibitory effect on viral IRES activity. At least one cluster is
required for inhibition of translation by the core protein.
Previous studies with a series of deletion mutants suggest that
aa 34–44 (Zhang et al., 2002) or aa 1–20 (Li et al., 2003)
within the core protein are crucial for inhibition of translation
initiated by HCV IRES. To investigate the contribution of these
basic-residue-rich domains within the core protein to inhibition
of viral translation, we employed substitution mutagenesis of
the full-length core protein in order to reduce the occurrence of
conformational changes in the core protein due to the
introduction of mutations.
Although an increasing body of evidence shows involvement
of the core protein in translational regulation, there are
conflicting data regarding the exact mechanism by which this
occurs. In contrast to studies describing direct inhibition of HCV
translation by expression of the core protein (Shimoike et al.,
1999; Zhang et al., 2002; Li et al., 2003), a recent report suggests
that the core protein modulates HCV IRES function in a dose-
dependent manner, with low amounts of the core protein
producing up-regulation and greater amounts resulting in
down-regulation (Boni et al., 2005). The core protein does not
only inhibit translation initiated by the HCV IRES, but also cap-
dependent translation and translation initiated by encephalo-
myocarditis virus (EMCV) IRES (Li et al., 2003). In an earlier
study, neither cap- nor EMCV IRES-dependent translation were
inhibited by expression of the core protein (Shimoike et al.,
1999). Other studies suggest that the core protein-coding
sequence, but not the core protein itself, modulates HCV IRES
function, through a long-range RNA–RNA interaction (Wang et
al., 2000; Kim et al., 2003). In the present experiment, however,
down-regulation of HCV IRES-directed translation by the core
protein-coding RNA sequences was eliminated by introducing a
base-substitution mutation into the N-terminus of the core
sequence in order to create a termination codon (Fig. 2). These
contradictory findings might be due to different experimental
conditions, such as the use of different reporter systems and host
cells, as well as different levels of core protein in the assays used.
To investigate the effect of the core protein on HCV IRES-
dependent translation, we employed in vivo RNA transfection of
monocistronic reporter constructs because HCV IRES is located
at the 5V end of the viral genome, and not internally, thus making
it unnecessary to use a bicistronic reporter. Concerning
bicistronic contexts, the possibility that the first cistronic
sequence might influence IRES regulation directed by the
second cistronic gene cannot be excluded. There is evidence to
suggest that differences in translational regulation by the core
protein might exist among different cell lines, including HepG2,
Huh-7, and CV-1 cells (Wang et al., 2000; Li et al., 2003). We
also observed differences between HepG2 and Huh-7 cells in
terms of ability of the core protein to inhibit HCV IRES- and
cap-dependent translation, which was not observed in Huh-7cells (data not shown), as previously reported (Wang et al.,
2000). Such cell-type specific effects might be related to
differences in core protein expression since core protein
expression by the recombinant baculovirus AcCA39 seems to
be less abundant in Huh-7 cells, compared to HepG2 cells (data
not shown). It is also possible that a cell-specific factor(s) are
involved in translational regulation by the core protein. Thus,
some interaction(s) between the highly ordered HCV IRES
structure and/or the core protein and related host factors are
likely cell-type-specific. Our previous report showed difference
in the translation efficiency mediated by HCV IRES among
human liver-derived cell lines, although the effect of the core
protein on their translation was not determined (Aoki et al.,
1998).
We performed the gel mobility shift assay to demonstrate
the inhibition of the interaction between the HCV 5VUTR and
the ribosome 40S subunit (40S). The complexes between
purified 40S and the radiolabeled HCV 5VUTR (nt 1–330)
were detected, and the amount of this band was decreased in
the core protein-dose-dependent manner. In this condition, the
core–5VUTR complex was competed with a non-labeled oligo
RNA corresponding to IIId domain, but not with oligo RNAs
of domain IV. However, the complex between the core protein
and the 5VUTR was detected around the wells of the gel. To our
knowledge, there has been no published data that in the gel
mobility shift assay the core–5VUTR complex runs into the gel.
Although these findings may support the idea that the core
protein directly prevents binding of 40S to the HCV IRES,
direct biochemical probing of the proposed interaction must
wait for the advances in the protein chemistry of the HCV core
protein.
Finally, based on the results of the present study and the
existing literature, we propose a model of down-regulation of
HCV translation mediated by the core protein (Fig. 7). In HCV-
infected cells, the virus uncoats and releases its genomic RNA,
which serves as a template for protein translation. Highly
folded secondary and tertiary RNA elements in the 5VUTR
function as cis signals for interaction with the 40S subunit and
eIF3 during the initial process of HCV IRES-dependent
translation. The high affinity interaction between HCV IRES
and the 40S subunit is thought to be important for recruitment
of the 43S particle to viral RNA, and the stem-loop IIId domain
is a prerequisite for this interaction. Since the core protein
binds most efficiently to the IIId domain in the HCV IRES
element, it is relevant to note that the core protein may prevent
an essential RNA–40S interaction by blocking the IIId
domain, thereby reducing the viral translation efficiency. At
an early stage of the HCV replication cycle, translation of the
viral genome yields a polyprotein, which is subsequently
processed to yield individual mature proteins. At a certain
point, enough core protein is available to inhibit HCV
translation by competing with the 40S subunit for IRES
binding. Cells in which HCV translation is negatively
controlled may have reduced levels of core protein due to its
degradation by the ubiquitin/proteasome pathway (Suzuki et
al., 2001; Moriishi et al., 2003), thereby decreasing the
inhibitory effect of core protein. Thus, the core protein may
Fig. 7. Model for the regulation of HCV translation mediated by the core protein. Step 1: HCV translation is initiated through recognition of the 40S subunit and eIF3
by the IRES RNA tertiary structure. The viral polyprotein is expressed and processed into matured proteins, resulting in generation of the core protein. Step 2: The
expressed core protein binds to the stem-loop IIId in the 5VUTR and inhibits the viral translation by competing with 40S subunit for binding to the IRES. Step 3: The
reduced translational efficiency results in decreasing the levels of HCV proteins and replication. Degradation of the core protein through the ubiquitin/proteasome
pathway may also contribute to reducing the amounts of the core protein in cells. A low concentration of the core protein possibly leads to recovery of the
translational efficiency.
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pT7DloopILuc (termed DILuc in this report), a 271-nt
fragment containing a T7 promoter followed by nt 23–249
from the 5V terminus of the HCV genome (clone NIHJ1;
genotype 1b) (Aizaki et al., 1998), was amplified by PCR using
pT7HCVLuc (HCVLuc) (Shimoike et al., 1999) as a template
and primers HindIIIT7S (5V-CCCAAGCTTTAATACGACT-
CACTATACACTCCACCATAG-3V) and NheIAS (5V-CTAGC-
TAGCAGTCTCGCGCGGGG-3V). The PCR product was
digested with both HindIII and NheI and ligated with a 5.3-
kbp HindIII–NheI fragment of pT7HCVLuc. pT7D23–41Luc
(D23–41Luc) was made using a QuickChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) in order to introduce
a deletion of nt 23–41 from the 5V terminus. The primers used
for PCR were 23–41S (5V-CCTAGATTGGGGGCGACCCCT-
GTGAGGAAC-3V) and the 23–41 AS complement (5V-
GTTCCTCACAGGGGTCGCCCCCAATCAGG-3V), and
pT7HCVLuc was used as a template.
pT7DIIIdLuc (DIIIdLuc) was made by digestion of
pT7HCVLuc with NheI and StuI, thereby generating 30-bp
(corresponding to the stem-loop IIId region), 1.8-kbp, and
3.8-kbp fragments. After this, the 1.8-kbp and 3.8-kbp
fragments were isolated, blunt-ended, and then ligated.
pT72a2bLuc (2a2bLuc), pT7BVDVLuc (BVDVLuc),
pT7IIId-1Luc (IIId-1Luc), and pT7IIId-2Luc (IIId-2Luc) weremade as follows. pT7HCVLuc was partially digested with StuI. A
5.6-kbp fragment was isolated and completely digested with NheI.
The resulting fragment was ligated with annealed two partially
complementary oligonucleotides with the following NheI and StuI
sites: 5V-CTAGCCGAGTAGTGTTGGGTCGCGACTAGG-3V
and 5V-CCTAGTCGCGACCCAACACTACTCGG-3V for IIId-
1,5V-CTAGCCGAGTAGTGTTCCCTCGCGAAAGG-3V
and 5V-CCTTTCGCGAGGGAACACTACTCGG-3V for IIId-2,
5V-CTAGCCGAGTAGCGTTGGGTTGCGAAAGG-3V and 5V-
CCTTTCGCAACCCAACGCTACTCGG-3V for 2a2b, and 5V-
CTAGCCTGAGCGGGGGTCGCCCAGG-3V and 5V-CCTG-
GGCGACCCCCGCTCAGG-3V for BVDVLuc (the underlined
nucleotides were substituted for the wild type nucleotides; see
Fig. 4A).
pRLucHCVLuc, pRLucD23–41Luc, and pRLucDIIIdLuc:
2.6-kb fragments were amplified by PCR using pT7HCVLuc,
pT7D23–41Luc, and pT7DIIIdLuc as template DNAs, respec-
tively, and primers XbaI 5VendS (5V-GCTCTAGAGCCAGC-
CCCCGATTGGGGGCGA) and XbaI 3VendAS (5V-GCTCQ
TAGAACTAGTGGATCCGGAT). The PCR products were
digested with XbaI and ligated with a 3.3-kb XbaI fragment of
pRL-null Vector (Promega, Madison, WI).
pRLucDILuc: 2.6-kb fragment was amplified by PCR using
pT7DILuc as a template DNA and primers XbaIloopIS (5V-
GCTCTAGACACTCCACCATAGATCACCCCC) and XbaI
3VendAS. The PCR product was digested with XbaI and
ligated with a 3.3-kb XbaI fragment of pRL-null Vector.
pCAGC191 (Suzuki et al., 2001) carries nt 329–914,
containing the entire HCV coding region of the core protein
of clone HCV J1 (Aizaki et al., 1998), controlled by the CAG
promoter. pCAGFS contains a frame shift mutation, involving
substitution of Awith T at nt 357, to make a stop codon (TAA)
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core protein are translated from this plasmid. To create a series
of mutated core-expressing constructs: pCAGC191m1, -m2,
-m3, -m4, -m5, -m6, and -m7, alanine substitutions were
introduced into the basic-residue clusters of the core protein by
PCR mutagenesis with primers containing base alterations, as
described previously (Suzuki et al., 2005). The PCR products
were then cloned into pCR2.1 (Invitrogen Corp., Carlsbad, CA)
and verified by DNA sequencing. Individual cDNAs were
excised and inserted separately into pCAGGS. The primer
sequences used in these constructions are available from the
authors upon request.
Cells
A human hepatocellular carcinoma cell line, HepG2, was
obtained from the American Type Culture Collection. Cells
were maintained in Dulbecco’s modified Eagle’s medium
(Nissui, Tokyo, Japan) containing 50 Ag/ml of Gentamycin
(Biological Industries Ltd., Israel) and supplemented with 10%
fetal calf serum.
RNA preparation
The reporter plasmids were linearized by digestion with
adequate restriction enzymes, and the resulting DNA fragments
were used as templates for in vitro transcription. HCVLuc and
a series of HCVLuc mutants were linearized by digestion with
XhoI. pRL-null (Promega, Madison WI) was linearized by
XbaI digestion. pRLucHCVLuc and a series of pRLucHCVLuc
mutants were linearized by BamHI digestion. An in vitro
transcription kit, MEGAscript (Ambion, Austin, TX), was used
for RNA synthesis, during which reaction mixtures containing
1 Ag of DNA template and 2 Al of T7 enzyme mix were
incubated at 37 -C for 2 h. For capped RNA synthesis,
linearized pRL-null, pRLucHCVLuc, and a series of
pRLucHCVLuc mutants were used as templates, and 2 Al of
each ATP, CTP, and UTP (7.5 mM), as well as 1 Al of GTP (7.5
mM) and 1 Al of cap homologue m7G (5V) ppp (5V) G (7.5 mM;
Ambion), was used. The reaction mixtures were subsequently
treated twice with 2 U of DNase I at 37 -C for 20 min followed
by EDTA (25 mM) and lithium chloride (3.75 M) to terminate
the reaction. Capped mRNA synthesized contained 11 nucleo-
tides at 5VUTR and no poly(A) tail.
Transfection
For DNA transfection, 100 Al of Opti-MEM (Invitrogen
Corp.) and 4 Al of TransIT-LT1 reagent (Mirus Corp., WI)
were mixed and incubated at room temperature for 5 min
followed by the addition of 2 Ag of each plasmid expressing
core protein, mutant core protein, or empty vector followed
by incubation for a further 15 min. For RNA transfection,
synthesized reporter RNA and 2.5 Al of Tfx-20 (Promega)
were mixed in 100 Al of Opti-MEM and incubated for 15
min prior to transfection. One day prior to DNA transfec-
tion, cells (2.5  105) were seeded into a 12-well plate. Thetransfection mixture described above was added to the cells
in 500 Al of Opti-MEM medium after the cells were washed
twice with 500 Al of Opti-MEM.
Luciferase assay
The cells infected or transfected with a recombinant
baculovirus or plasmid carrying the entire HCV core gene
(AcCA39 or pCAGC191) or an empty vector (AcCAG or
pCAGGS) were cultured for 2 days followed by transfection
with reporter RNA, either HCVLuc (0.1 Ag/well), DILuc
(6.0 Ag/well), D23–41Luc (0.2 Ag/well), DIIIdLuc (6.0 Ag/
well), IIId-1 (0.1 Ag/well), IIId-2 (6.0 Ag/well), 2a2bLuc (0.1 Ag/
well), or BVDVLuc (0.1 Ag/well), along with capped RL RNA
(0.08 Ag/well). After 6 h of incubation, FL and RL activities
were determined using the Dual-Luciferase Reporter Assay
System (Promega), as previously described (Aoki et al., 1998;
Shimoike et al., 1999). Luminescent signals were measured with
a TR717 luminometer (Applied Biosystems Japan Ltd., Tokyo,
Japan).
Western blot analysis
Expression of HCV core protein was detected by Western
blotting, as previously described (Shimoike et al., 1999).
Briefly, protein was transferred to a polyvinylidene difluoride
(PVDF) membrane (Immobilon; Millipore, Tokyo, Japan) after
separation by SDS-PAGE. After blocking, the membranes were
probed with a polyclonal antibody against glutathione-S-
transferase core (aa 1–191) fusion protein, at a 1:100 dilution.
SPR experimental procedure
To prepare the core protein, insect Tn5 cells were infected
with a recombinant baculovirus Ac39. The core protein was
partially purified from the cell lysate, as previously described
(Tanaka et al., 2000). Interactions between the core protein and
synthetic RNA oligonucleotides were examined by SPR
analyses with BIAcore 2000 (Biacore K.K., Tokyo, Japan).
The SPR experimental procedure was as previously described
(Tanaka et al., 2000). Briefly, a biotinylated oligonucleotide
spanning nt 251–282 (IIId-wt) and mutant IIId domains (IIId-1
and IIId-2) (Fig. 4A) were synthesized followed by immobi-
lization on streptavidin pre-coated sensor chips. Forty micro-
liters of solution containing the core protein (4 Ag/ml) was
injected onto the sensor chip surface at a flow rate of 8 Al/min.
The sample flow was stopped, and buffer washout started at 5
min post-injection.
Acknowledgments
We are grateful to Professor J.D. Puglisi for helpful
discussion. We would like to thank Drs. M. Tashiro, T.
Yoneyama, H. Tani, H. Aizaki, K, and A. Cahour for helpful
discussion. We are grateful to Drs. H. Tani and A. Rikimaru for
constructing the recombinant baculoviruses and plasmids. We
would also like to thank Ms. S. Ogawa, M. Matsuda, M.
T. Shimoike et al. / Virology 345 (2006) 434–445444Yahata, Y. Hirama, and T. Mizoguchi for their technical
assistance and secretarial work.
This work was supported by JSPS.KAKENHI (13670309)
and by a grant provided by the Ichiro Kanehara Foundation to
T. Shimoike. This work was also supported in part by
Research on Health Sciences focusing on Drug Innovation
from the Japan Health Sciences Foundation; by grants-in-aid
from the Ministry of Health, Labor and Welfare; and by the
program for Promotion of Fundamental Studies in Health
Sciences of the National Institute of Biomedical Innovation
(NIBIO), Japan.
References
Aizaki, H., Aoki, Y., Harada, T., Ishii, K., Suzuki, T., Nagamori, S., Toda, G.,
Matsuura, Y., Miyamura, T., 1998. Full-length complementary DNA of
hepatitis C virus genome from an infectious blood sample. Hepatology 27,
621–627.
Ali, N., Siddiqui, A., 1995. Interaction of polypyrimidine tract-binding protein
with the 5V noncoding region of the hepatitis C virus RNA genome and its
functional requirement in internal initiation of translation. J. Virol. 69,
6367–6375.
Ali, N., Siddiqui, A., 1997. The La antigen binds 5V noncoding region of the
hepatitis C virus RNA in the context of the initiator AUG codon and
stimulates internal ribosome entry site-mediated translation. Proc. Natl.
Acad. Sci. U.S.A. 94, 2249–2254.
Ali, N., Pruijn, G.J., Kenan, D.J., Keene, J.D., Siddiqui, A., 2000. Human La
antigen is required for the hepatitis C virus internal ribosome entry site-
mediated translation. J. Biol. Chem. 275, 27531–27540.
Alter, H.J., Seeff, L.B., 2000. Recovery, persistence, and sequelae in hepatitis C
virus infection: a perspective on long-term outcome. Semin. Liver Dis. 20,
17–35.
Aoki, Y., Aizaki, H., Shimoike, T., Tani, H., Ishii, K., Saito, I., Matsuura, Y.,
Miyamura, T., 1998. A human liver cell line exhibits efficient translation of
HCV RNAs produced by a recombinant adenovirus expressing T7 RNA
polymerase. Virology 250, 140–150.
Anwar, A., Ali, N., Tanveer, R., Siddiqui, A., 2000. Demonstration of
functional requirement of polypyrimidine tract-binding protein by SELEX
RNA during hepatitis C virus internal ribosome entry site-mediated
translation initiation. J. Biol. Chem. 275, 34231–34235.
Boni, S., Lavergne, J.P., Boulant, S., Cahour, A., 2005. Hepatitis C virus core
protein acts as a trans-modulating factor on internal translation initiation of
the viral RNA. J. Biol. Chem. 280, 17737–17748.
Brown, E.A., Zhang, H., Ping, L.H., Lemon, S.M., 1992. Secondary structure
of the 5V nontranslated regions of hepatitis C virus and pestivirus genomic
RNAs. Nucleic Acids Res. 20, 5041–5045.
Buratti, E., Tisminetzky, S., Zotti, M., Baralle, F.E., 1998. Functional analysis
of the interaction between HCV 5VUTR and putative subunits of eukaryotic
translation initiation factor eIF3. Nucleic Acids Res. 26, 3179–3187.
Choo, Q.-L., Richman, K.H., Han, J.H., Berger, K., Lee, C., Dong, C.,
Gallegos, C., Coit, D., Medina-Selby, A., Barr, P.J., Weiner, A.J., Bradley,
D.W., Kuo, G., Houghton, M., 1991. Genetic organization and diversity of
the hepatitis C virus. Proc. Natl. Acad. Sci. U.S.A. 88, 2451–2455.
Collier, A.J., Tang, S., Elliott, R.M., 1998. Translation efficiencies of the 5V
untranslated region from representatives of the six major genotypes of
hepatitis C virus using a novel bicistronic reporter assay system. J. Gen.
Virol. 79, 2359–2366.
Fan, Z., Yang, Q.R., Twu, J.S., Sherker, A.H., 1999. Specific in vitro
association between the hepatitis C viral genome and core protein. J.
Med. Virol. 59, 131–134.
Friebe, P., Lohmann, V., Krieger, N., Bartenschlager, R., 2001. Sequences in the
5V nontranslated region of hepatitis C virus required for RNA replication. J.
Virol. 75, 12047–12057.
Fukushi, S., Katayama, K., Kurihara, C., Ishiyama, N., Hoshino, F.B., Ando, T.,
Oya, A., 1994. Complete 5V noncoding region is necessary for the efficientinternal initiation of hepatitis C virus RNA. Biochem. Biophys. Res.
Commun. 199, 425–432.
Fukushi, S., Okada, M., Kageyama, T., Hoshino, F.B., Nagai, K., Katayama,
K., 2001. Interaction of poly(rC)-binding protein 2 with the 5V-terminal
stem loop of the hepatitis C-virus genome. Virus Res. 73, 67–79.
Grakoui, A., McCourt, D.W., Wychowski, C., Feinstone, S.M., Rice, C.M.,
1993. Characterization of the hepatitis C virus-encoded serine proteinase:
determination of proteinase-dependent polyprotein cleavage sites. J. Virol.
67, 2832–2843.
Hahm, B., Kim, Y.K., Kim, J.H., Kim, T.Y., Jang, S.K., 1998. Heterogeneous
nuclear ribonucleoprotein L interacts with the 3V border of the internal
ribosomal entry site of hepatitis C virus. J. Virol. 72, 8782–8788.
Hellen, C.U., Pestova, T.V., 1999. Translation of hepatitis C virus RNA. J. Viral
Hepatitis 6, 79–87.
Hijikata, M., Kato, N., Ootsuyama, Y., Nakagawa, M., Shimotohno, K., 1991.
Gene mapping of the putative structural region of the hepatitis C virus
genome by in vitro processing analysis. Proc. Natl. Acad. Sci. U.S.A. 88,
5547–5551.
Honda, M., Ping, L.H., Rijnbrand, R.C., Amphlett, E., Clarke, B., Rowlands,
D., Lemon, S.M., 1996. Structural requirements for initiation of translation
by internal ribosome entry within genome-length hepatitis C virus RNA.
Virology 222, 31–42.
Honda, M., Beard, M.R., Ping, L.H., Lemon, S.M., 1999a. A phylogenetically
conserved stem-loop structure at the 5V border of the internal ribosome entry
site of hepatitis C virus is required for cap-independent viral translation.
J. Virol. 73, 1165–1174.
Honda, M., Rijnbrand, R., Abell, G., Kim, D., Lemon, S.M., 1999b.
Natural variation in translational activities of the 5V nontranslated RNAs
of hepatitis C virus genotypes 1a and 1b: evidence for a long-range
RNA–RNA interaction outside of the internal ribosomal entry site.
J. Virol. 73, 4941–4951.
Hwang, S.B., Lo, S.Y., Ou, J.H., Lai, M.M., 1995. Detection of cellular proteins
and viral core protein interacting with the 5V untranslated region of hepatitis
C virus RNA. J. Biomed. Sci. 2, 227–236.
Isoyama, T., Kamoshita, N., Yasui, K., Iwai, A., Shiroki, K., Toyoda, H.,
Yamada, A., Takasaki, Y., Nomoto, A., 1999. Lower concentration of La
protein required for internal ribosome entry on hepatitis C virus RNA than
on poliovirus RNA. J. Gen. Virol. 80, 2319–2327.
Jubin, R., Vantuno, N.E., Kieft, J.S., Murray, M.G., Doudna, J.A., Lau, J.Y.,
Baroudy, B.M., 2000. Hepatitis C virus internal ribosome entry site (IRES)
stem loop IIId contains a phylogenetically conserved GGG triplet essential
for translation and IRES folding. J. Virol. 74, 10430–10437.
Kamoshita, N., Tsukiyama-Kohara, K., Kohara, M., Nomoto, A., 1997. Genetic
analysis of internal ribosomal entry site on hepatitis C virus RNA:
implication for involvement of the highly ordered structure and cell type-
specific transacting factors. Virology 233, 9–18.
Kieft, J.S., Zhou, K., Jubin, R., Murray, M.G., Lau, J.Y., Doudna, J.A., 1999.
The hepatitis C virus internal ribosome entry site adopts an ion-dependent
tertiary fold. J. Mol. Biol. 292, 513–529.
Kieft, J.S., Zhou, K., Jubin, R., Doudna, J.A., 2001. Mechanism of ribosome
recruitment by hepatitis C IRES RNA. RNA 7, 194–206.
Kim, Y.K., Lee, S.H., Kim, C.S., Seol, S.K., Jang, S.K., 2003. Long-range
RNA–RNA interaction between the 5V nontranslated region and the core-
coding sequences of hepatitis C virus modulates the IRES-dependent
translation. RNA 9, 599–606.
Kolupaeva, V.G., Pestova, T.V., Hellen, C.U., 2000. An enzymatic
footprinting analysis of the interaction of 40S ribosomal subunits with
the internal ribosomal entry site of hepatitis C virus. J. Virol. 74,
6242–6250.
Li, D., Takyar, S.T., Lott, W.B., Gowans, E.J., 2003. Amino acids 1–20 of the
hepatitis C virus (HCV) core protein specifically inhibit HCV IRES-
dependent translation in HepG2 cells, and inhibit both HCV IRES- and
cap-dependent translation in HuH7 and CV-1 cells. J. Gen. Virol. 84,
815–825.
Lo, S.-Y., Selby, M.J., Ou, J.-H., 1996. Interaction between hepatitis C virus
core protein and E1 envelope protein. J. Virol. 70, 5177–5182.
Lu, H.H., Wimmer, E., 1996. Poliovirus chimeras replicating under the
translational control of genetic elements of hepatitis C virus reveal unusual
T. Shimoike et al. / Virology 345 (2006) 434–445 445properties of the internal ribosomal entry site of hepatitis C virus. Proc.
Natl. Acad. Sci. U.S.A. 93, 1412–1417.
Lukavsky, P.J., Otto, G.A., Lancaster, A.M., Sarnow, P., Puglisi, J.D., 2000.
Structures of two RNA domains essential for hepatitis C virus internal
ribosome entry site function. Nat. Struct. Biol. 7, 1105–1110.
Luo, G., Xin, S., Cai, Z., 2003. Role of the 5V-proximal stem-loop structure of
the 5V untranslated region in replication and translation of hepatitis C virus
RNA. J. Virol. 77, 3312–3318.
Moriishi, K., Okabayashi, T., Nakai, K., Moriya, K., Koike, K., Murata, S.,
Chiba, T., Tanaka, K., Suzuki, R., Suzuki, T., Miyamura, T., Matsuura, Y.,
2003. Proteasome activator PA28gamma-dependent nuclear retention and
degradation of hepatitis C virus core protein. J. Virol. 77, 10237–10249.
Odreman-Macchioli, F.E., Tisminetzky, S.G., Zotti, M., Baralle, F.E.,
Buratti, E., 2000. Influence of correct secondary and tertiary RNA
folding on the binding of cellular factors to the HCV IRES. Nucleic
Acids Res. 28, 875–885.
Otto, G.A., Lukavsky, P.J., Lancaster, A.M., Sarnow, P., Puglisi, J.D., 2002.
Ribosomal proteins mediate the hepatitis C virus IRES–HeLa 40S
interaction. RNA 8, 913–923.
Pawlotsky, J.M., 2004. Pathophysiology of hepatitis C virus infection and
related liver disease. Trends Microbiol. 12, 96–102.
Reynolds, J.E., Kaminski, A., Kettinen, H.J., Grace, K., Clarke, B.E., Carroll,
A.R., Rowlands, D.J., Jackson, R.J., 1995. Unique features of internal
initiation of hepatitis C virus RNA translation. EMBO J. 14, 6010–6020.
Rijnbrand, R.C.A., Lemon, S.M., 1999. Internal ribosomal entry site-
mediated translation in hepatitis C virus replication. In: Hagedorn, C.H.,
Rice, C.M. (Eds.), The Hepatitis C Viruses. Springer-Verlag, Berlin,
Germany, pp. 85–116.
Rijnbrand, R., Bredenbeek, P., van der Straaten, T., Whetter, L., Inchauspe, G.,
Lemon, S., Spaan, W., 1995. Almost the entire 5V non-translated region of
hepatitis C virus is required for cap-independent translation. FEBS Lett.
365, 115–119.
Santolini, E., Migliaccio, G., La Monica, N., 1994. Biosynthesis and
biochemical properties of the hepatitis C virus core protein. J. Virol. 68,
3631–3641.
Shimoike, T., Mimori, S., Tani, H., Matsuura, Y., Miyamura, T., 1999.
Interaction of hepatitis C virus core protein with viral sense RNA and
suppression of its translation. J. Virol. 73, 9718–9725.
Sizova, D.V., Kolupaeva, V.G., Pestova, T.V., Shatsky, I.N., Hellen, C.U., 1998.Specific interaction of eukaryotic translation initiation factor 3 with the 5V
nontranslated regions of hepatitis C virus and classical swine fever virus
RNAs. J. Virol. 72, 4775–4782.
Spahn, C.M., Kieft, J.S., Grassucci, R.A., Penczek, P.A., Zhou, K., Doudna,
J.A., Frank, J., 2001. Hepatitis C virus IRES RNA-induced changes in the
conformation of the 40s ribosomal subunit. Science 291, 1959–1962.
Spangberg, K., Schwartz, S., 1999. Poly(C)-binding protein interacts with the
hepatitis C virus 5V untranslated region. J. Gen. Virol. 80, 1371–1376.
Suzuki, R., Tamura, K., Li, J., Ishii, K., Matsuura, Y., Miyamura, T., Suzuki, T.,
2001. Ubiquitin-mediated degradation of hepatitis C virus core protein is
regulated by processing at its carboxyl terminus. Virology 280, 301–309.
Suzuki, R., Sakamoto, S., Tsutsumi, T., Rikimaru, A., Tanaka, K., Shimoike, T.,
Moriishi, K., Iwasaki, T., Mizumoto, K., Matsuura, Y., Miyamura, T.,
Suzuki, T., 2005. Molecular determinants for subcellular localization of
hepatitis C virus core protein. J. Virol. 79, 1271–1281.
Takamizawa, A., Mori, C., Fuke, I., Manabe, S., Murakami, S., Fujita, J.,
Onishi, E., Andoh, T., Yoshida, I., Okayama, H., 1991. Structure and
organization of the hepatitis C virus genome isolated from human carriers.
J. Virol. 65, 1105–1113.
Tallet-Lopez, B., Aldaz-Carroll, L., Chabas, S., Dausse, E., Staedel, C.,
Toulme, J.J., 2003. Antisense oligonucleotides targeted to the domain IIId
of the hepatitis C virus IRES compete with 40S ribosomal subunit binding
and prevent in vitro translation. Nucleic Acids Res. 31, 734–742.
Tanaka, Y., Shimoike, T., Ishii, K., Suzuki, R., Suzuki, T., Ushijima, H.,
Matsuura, Y., Miyamura, T., 2000. Selective binding of hepatitis C virus
core protein to synthetic oligonucleotides corresponding to the 5V
untranslated region of the viral genome. Virology 270, 229–236.
Tsukiyama-Kohara, K., Iizuka, N., Kohara, M., Nomoto, A., 1992. Internal
ribosome entry site within hepatitis C virus RNA. J. Virol. 66, 1476–1483.
Wang, T.H., Rijnbrand, R.C., Lemon, S.M., 2000. Core protein-coding
sequence, but not core protein, modulates the efficiency of cap-independent
translation directed by the internal ribosome entry site of hepatitis C virus.
J. Virol. 74, 11347–11358.
Zhang, J., Yamada, O., Yoshida, H., Iwai, T., Araki, H., 2002. Autogenous
translational inhibition of core protein: implication for switch from
translation to RNA replication in hepatitis C virus. Virology 293, 141–150.
Zhao, W.D., Wimmer, E., 2001. Genetic analysis of a poliovirus/hepatitis C
virus chimera: new structure for domain II of the internal ribosomal entry
site of hepatitis C virus. J. Virol. 75, 3719–3730.
